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2.1 Introduction
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In this research program, we use modern x-ray
scattering techniques to study structures and phase
transitions in thin films and on surfaces. We have
two principal experimental facilities, one at MIT and
the other at the National Synchrotron Light Source
at Brookhaven National Laboratory. At MIT, we
have four high-resolution computer-controlled x-ray
spectrometers. The angular resolution can be
made as fine as 1.8 seconds of arc, which enables
us to probe the development of order from dis-
tances of the order of the x-ray wavelength 1 A, up
to 30,000 A. The sample temperature can be
varied between 2K and 500K with a relative accu-
racy of 2 x 10- 3 K. At the National Synchrotron Light
Source, in collaboration with IBM, we have three
fully instrumented beam lines. Two of these beam
lines allow us to make studies with photons varying
in energy between 3 and 12 keV; the third has a
fixed energy of 17 keV. These facilities make pos-
sible high-resolution scattering experiments with a
flux more than three orders of magnitude larger
than that of a rotating anode x-ray generator. In
collaboration with Professor Simon G.J. Mochrie,
we have now designed, built, and commissioned a
second-generation extremely versatile x-ray surface
facility which allows a wide range of surface scat-
tering experiments.
Our basic scientific objective is to understand the
morphologies and microscopic structures of simple
semiconductor and metal surfaces at high temper-
atures. Possible phase changes include surface
roughening, surface reconstruction, melting,
amorphization, and dilution.
Semiconductor surfaces exhibit rich structural and
morphological behavior in both equilibrium and non-
equilibrium steady-state conditions. Equilibrium
structures and phase transitions of high-symmetry
facets are often closely related to important models
in two-dimensional statistical mechanics. The
physics of stepped (vicinal) surfaces, even in equi-
librium, is subtle and poorly understood. For
example, stepped surfaces should always be rough
because of the freedom of the steps to wander.
Step structures and spacing should be profoundly
affected by any nearby high-symmetry surface
reconstruction. Their association bears on issues
of faceting and equilibrium crystal shapes. The
steps themselves may exhibit phase transitions that
involve dislocations and/or bunching in the step
lattice as well as step-height changes; changes in
the morphology, especially those involving vacancy
aggregates, should be strongly affected by nearby
steps.
Semiconductor surface physics involves funda-
mental issues in statistical mechanics that are
important to a broad spectrum of other problems.
Furthermore, elucidating the factors that control the
morphology and perfection of vicinal semiconductor
surfaces can be expected to lead to improved elec-
tronic device processing and ultimately improve
semiconductor device performance and lifetime.
2.2 Vicinal Semiconductor Surfaces
Previously, our research on vicinal semiconductor
surfaces was focused on the faceting behavior of
vicinal Si(111) around the 1 x 1 to 7 x 7 recon-
struction transition at 1100K. Above 1100K, the
steps are on average uniformly spaced, but the
surface is rough due to fluctuations in the positions
of the steps. In the course of these studies, we dis-
covered some novel non-equilibrium faceting
pheomena which occur at higher temperatures and
which appear to be driven by applied electric fields.
We have been studying these phenomena using
both x-ray and optical diffraction techniques. Our
most recent results are as follows.
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We have observed an intricate faceting behavior of
vicinal Si( 11) which depends on the direction of
the current flowing through the sample. The
behavior above 1375K (and perhaps lower) is quali-
tatively similar for miscuts of 3 and 5 degrees
toward <11 - 2> and 3 degrees toward <- 1 - 12>.
The faceting can be longitudinal (step bunching) or
transverse (step wandering), apparently due to
instabilities in the step flow during sublimation. In
support of this hypothesis, our experiments indicate
that these transformations are sharp in temperature
and DC bias. For positive current (current flowing
down the steps), there is a transverse instability
between 1175K and 1575K. For negative current,
the steps are stabilized transversely. Longitudinal
instabilities occur for alternating current directions
as a function of temperature. The instability exists
for positive current at 1175K, for negative current
between 1275K and 1525K, and for positive current
above 1525K.
Most of our studies have been of the time and
history dependence of these transformations. As
expected, the rates increase with temperature and
magnitude of DC bias. At the highest rates, the
surface morphology will continue to evolve for at
least 12 hours. However, the rate of change
decreases exponentially with time. Two lengths are
associated with faceting: the facet spacing and the
correlation length of the facets. For transverse
facets, the facet spacing initially increases rapidly
then becomes almost constant in time. It also
appears to decrease slightly with temperature. The
correlation of the facets falls off exponentially with
the distance between facets. The associated corre-
lation length decreases with time.
The behavior of the steps also depends on the
history of the sample. Although it is possible to
facet and unfacet a surface, it appears that a
surface which has never been faceted behaves dif-
ferently from one which has been faceted. For neg-
ative current above 1525K, a surface will unfacet
both longitudinally and transversely forming an opti-
cally flat surface. On the other hand, a never-
faceted surface will become optically rough. Also, a
surface which has been heated to 1475K for an
extended period using AC current develops disor-
dered facets which are difficult or impossible to
remove.
We are continuing our studies of
pected phenomena.
these most unex-
2.3 Chiral Melting of the Si(113) (3x1)
Reconstruction
According to the concept of universality, the critical
behavior near a continuous phase transformation
depends only on the most general aspects of the
system in question, such as the symmetry of the
phases involved and the dimensionality of space.
Thus, the phase transformations of many disparate
materials fall into universality classes, within each
of which the critical exponents and certain universal
constants are independent of microscopic details
and delineate the universality class. It is generally
believed that two-dimensional (2D) phase transfor-
mations may be understood in terms of a limited
number of well-known universality classes. There-
fore, the appearance of a new 2D universality class
is of special interest, particularly when the critical
behavior corresponds to a simple and generic sta-
tistical mechanical model, and also is unusual in its
own right. The experimental characterization of
such a universality class is the topic of this
research.
In collaboration with Professor Simon G.J. Mochrie,
we have carried out a detailed x-ray scattering
study of the (3 x 1)-to-disordered phase transforma-
tion of the Si(113) surface. A continuous
commensurate-solid to incommensurate-fluid trans-
formation at To = 950 _ 40K is observed. At the
transformation, the reconstructed layer becomes
uniaxially incommensurate along the cubic
(110)-direction (x-direction). It remains
commensurate along the (332)-direction
(y-direction). Critical scattering shows power-law
behavior over nearly two decades of reduced tem-
perature (t = (T - Tc)/Tc) with exponents
- 0.66_ 0.05 for the incommensurability
(E), Vx = 0.65 ± 0.07 for the inverse correlation
length in the incommensurate direction (kx),
vy = 1.06 ± 0.07 for the inverse correlation length in
the commensurate direction (ky) and
y = 1.56 ± 0.13 for the susceptibility (X).
Below To, the variation of the square of the order
parameter, proportional to the peak intensity at the
commensurate position (lo), varies with an exponent
2# = 0.22 ± 0.04. It is noteworthy that the corre-
lation lengths in the disordered phase scale aniso-
tropically, that is v,x vy, and that the collected
exponents do not conform to those of any previ-
ously known universality class. In addition to the
critical exponents of the transformation, two uni-
versal constants have been measured. The ratio of
the incommensurability and the inverse correlation
length along the incommensurate direction in the
disordered phase is_found to be independent of
temperature, that is # - vx, and to have the value
wo - 1.6 ± 0.2. This is consistent with predictions
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for a new two-dimensional chiral melting universality
class. Also, the combination R, - XKxKy/IoVr, where
V, is the two-dimensional resolution volume, is inde-
pendent of the reduced temperature, consistent with
the derived hyperscaling relationship
v, + y = y + 2. According to the hypothesis of
two-scale-factor universality, R, is a universal con-
stant, which we find takes the value
R, -= 0.07 ± 0.03.
2.4 Two-Dimensional Melting
In spite of many years of study, the nature of
melting in two-dimensions continues to be a contro-
versial issue. Many theories suggest that melting
should be strongly first order as in three dimen-
sions. Alternatively, melting in two dimensions may
be continuous; the specific mechanism is the
unbinding of pairs of point dislocations in a manner
analogous to the proposed unbinding of vortices in
two-dimensional superfluids.
We have carried out a study of the melting transi-
tion of near-monolayer xenon adsorbed onto the
basal planes of single crystal graphite at a temper-
ature of 140K. Xenon on graphite is widely
regarded as a model system for the investigation of
two-dimensional melting in the presence of a weak
orientational ordering field. It has been suggested
that it may represent an example in which melting
occurs continuously through the unbinding of
topological defects in a manner analogous to the
Kosterlitz-Thouless transition in superfluids. Recent
thermodynamic studies by Chan and coworkers
have reported that the melting of near-monlayer
xenon on graphite is always first order in contrast to
the observations of previous x-ray scattering studies
as well as compressibility studies by Suter and
coworkers.
Our investigation confirms that at a temperature of
140K there is indeed a continuous evolution of the
length scale of the positional fluctuations corre-
sponding to a transition from a finite-size limited 2D
solid to a well correlated (- 100 A) orientationaly
ordered 2D liquid. The relevant data are shown in
figure 1. This figure shows longitudinal and trans-
verse x-ray scans through the (10) Bragg peak of
the monolayer xenon triangular lattice. In this
series of scans the temperature is held fixed while
the xenon pressure is varied continuously. The
actual melting transition occurs at 17.5 ± 0.2 Torr. It
can be seen from the figure that with decreasing
pressure the diffraction peaks broaden progres-
sively and the intensity decreases continuously.
This is the signature of a continuous rather than
discontinuous (first order) melting process, thus
confirming that melting at 140K is indeed contin-
uous.
One signature of a continuous transition in a finite-
size limited 2D XY model is that the order param-
eter should simulate a smeared power law with
exponent 1 - 0.23. We show in figure 2 the meas-
ured solid intensity as a function of chemical poten-
tial near the melting transition. The solid line is
rounded power law with 8=0.23. Clearly, this
model works very well.
2.5 Publications
Abernathy, D.L., R.J. Birgeneau, K.I. Blum, and
S.G.J. Mochrie. "Critical Behavior at Chiral
Melting: Disordering of the Si(113)-(3x1) Recon-
struction." Phys. Rev. Lett. 71: 750 (1993).
Held, G.A., D.M. Goodstein, R.M. Feenstra, M.J.
Ramstad, D.Y. Noh, and R.J. Birgeneau.
"Pinned and Unpinned Step Dynamics on
Vicinal Silver (110) Surfaces." Phys. Rev. B 48:
8458 (1993).
Noh, D.Y., K.I. Blum, M.J. Ramstad, and R.J.
Birgeneau. "Faceting, Roughness and Step Dis-
ordering of Si(111) Surfaces: An X-ray Scat-
tering Study." Phys. Rev. B 48: 1612 (1993).
Nuttal, W.J., K.P. Fahey, M.J. Young, B. Keimer,
R.J. Birgeneau, and H. Suematsu. "A
Synchrotron X-ray Diffraction Study of the Struc-
tural Phase Behavior of Multilayer Xenon on
Single-Crystal Graphite." J. Phys. Condens.
Matt. 5: 8159 (1993).
Ramstad, M.J., R.J. Birgeneau, K.I. Blum, D.Y.
Noh, B.O. Wells, and M.J. Young. "DC Current
Dependent Faceting of Vicinal Si(111)." Euro-
phys. Lett. 24: 653 (1993).
Thesis
Nuttal, W.J. Synchrotron X-ray Scattering Studies of
Xenon Adsorbed on Single Crystals of Graphite.
Ph.D. diss., Dept. of Physics, MIT, 1993.
Chapter 2. Studies of Surface Disordering
18.51 Torr
80
S70
X60
A40
.n 30
s 20
10
35
230
25
0
20
S15
*A 14
12
16.27 Torr
17.49 Torr
45
40
35
25
15..
10
16.58 Torr
15.99 Torr
1.55 1.57 1.59 1.61 1.63 1.65 1.55 1.57 1.59 1.61
QH [k-1] QH [A I]
25.0
22.5 .
20.0-
17.5.
15.0
12.5
* 17.0
12.5
1.63 1.65
Figure 1. Longitudinal scans obtained at 140K close to the melting transition, as analyzed in terms of an aligned liquid
model. The transition is at - 17.5 Torr. Note that the peak half-width at half-maximum evolves continuously as the finite-
sized solids melts into the aligned liquid phase. The dashed lines shown in the panels at 16.58 Torr and 16.27 Torr
correspond to the lineshape predicted from a finite-sized analysis in the case that the exponent rm is constrained to its
fitted value deep in the solid phase, rG = 0.45. It is clear that the data at lower vapor pressures can no longer be
described by the solid lineshape.
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Figure 2. Intensity, So, obtained from our finite-sized solid model versus reduced chemical potential. The solid line
represents the results of a fit to the power law form IP/PM - 1120, with f - 0.23 and pM smeared with a Gaussian distribu-
tion of reduced chemical potentials, p/pM, with width - 0.005.
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